A genomic analysis of 18 P. aeruginosa phages, including nine newly sequenced DNA genomes, indicates a tremendous reservoir of proteome diversity, with 55% of open reading frames (ORFs) being novel. Comparative sequence analysis and ORF map organization revealed that most of the phages analyzed displayed little relationship to each other.
Recent studies of Staphylococcus aureus and Mycobacterium tuberculosis bacteriophages indicate these to be rich reservoirs of novel protein information that remain to be mined and analyzed (5, 9) . Indeed, ϳ25% of the predicted open reading frames (ORFs) of S. aureus phages have no homology to predicted proteins in GenBank, with a much larger proportion (65%) of ORFs lacking functional annotation (5) . Similar studies of mycobacterial phages revealed that between 50 to 75% of ORFs contain no match in GenBank (9) .
To extend this information base, we sequenced nine Pseudomonas aeruginosa bacteriophages: F10, PA73, 119X, M6, F8, PA7, PA16, and SD1-M (obtained from H.-W. Ackermann, Felix d'Hérelle Reference Center for Bacterial Viruses, Québec City, Canada) and PA11 (obtained from the American Type Culture Collection, Manassas, VA). A comparative analysis was performed with the sequences of seven published P. aeruginosa double-stranded DNA bacteriophages (phiCTX, D3112, B3, phiKMV, D3, F116, and phiKZ) (1, 2, 4, (6) (7) (8) 12) and two unpublished bacteriophages (PaP2 and PaP3; NCBI accessions NC_005884 and NC_004466, respectively). With the exception of phages SD1-M and phiKZ (ϳ281 kbp each), the remaining 16 phage genomes span a narrow-size range from ϳ35 kbp to ϳ72 kbp (Table 1) .
Combined sequence analysis of the 18 phage genomes revealed a GϩC content of 54.4%, significantly lower than the P. aeruginosa PA01 host genome (66.6%) ( Table 1) . This is surprising and a contrast to the similarity in GϩC content between viral and host genomes observed in other studies with S. To determine the distribution of the lower GϩC content in the phage genome, an analysis was performed in which the GϩC content within a sliding window of 500 bp was determined for the entire length of each genome. The results obtained with phages F10, phiCTX, B3, and D3 revealed specific regions of high AϩT content that significantly differ from other segments of their genomes (Fig. 1) . This discrepancy between the phage and host GϩC content may be due to (i) lateral gene transfer occurring from other hosts and/or phages with lower GϩC contents, (ii) a recent invasion of these phages into P. aeruginosa from hosts with lower GϩC contents, or (iii) a characteristic feature of these phages that has been stably maintained along their evolutionary history.
Bacteriophage ORFs were predicted by scanning all reading frames for the presence of a start codon (AUG, UUG, CUG, GUG, or AUA) and terminating at a minimum of 33 codons downstream. Putative ORFs were also scored for the presence of a Shine-Dalgarno sequence (5ЈGAAACC3Ј) centered 8 to 12 bp upstream of the start codon and defined from 500 known protein coding sequences (30 bp upstream of the AUG initiation codon) in P. aeruginosa by using the CONSENSUS program (3, 11) . For the overall gene organization for each phage genome, see Fig. S1 in the supplemental material. A total of 1,894 ORFs are predicted from the genomes of the 18 phages ( Table 1) . The gene maps demonstrate that the coding regions are tightly packed, with very few intergenic spaces between them (see Fig. S1 in the supplemental material). The average gene coding potential of each phage genome is 93.0% (Table  1) , with approximately 1.5 genes per kbp, slightly lower than what has been reported for staphylococcal phages (1.67 genes/ kbp) (5) and M. tuberculosis phages (1.69 genes/kbp) (9) .
Several important points emerged when the predicted proteins were examined for similarity to known bacterial and bacteriophage sequences that were deposited in public databases (see Table S1 in the supplemental material). First, the phage proteomes are rich sources of untapped protein sequence diversity. The biological function of a large proportion of predicted proteins (1,562 genes; 82% of the proteome) cannot be determined by comparison to current entries in genome databases (Table 1) . Only 332 predicted proteins (18%) can be structurally or functionally annotated (Table 1) ORFs (24%) show sequence similarity to only other ORFs encoded by P. aeruginosa phage genomes (data not shown). This number is higher than the proportion of phage genes with identifiable homologs among other phages (295 genes; 16% of the proteome) or within the P. aeruginosa host genome (18 genes; 1% of the proteome), indicating that gene transfer among P. aeruginosa phages may be more predominant than recombination between P. aeruginosa phages and phages of other species or between P. aeruginosa phages and their host. Third, a significant proportion of predicted ORFs (1,050 genes; 55% of the proteome) are unique to the P. aeruginosa phage proteome reported herein and show no database match (Table 1) to any publicly available prokaryotic sequence. A pairwise comparison of the nucleotide sequences (Fig. 2 ) and of the proteomes (Table 2 ) of the 18 phages reveals that with three exceptions, the P. aeruginosa phages show little sequence relatedness to each other (Fig. 2) These three exceptions are PA7 and PA16 (90% identity), 119X and PaP2 (93% identity), and SD1-M and phiKZ (99% identity) (Fig. 2) . Phages SD1-M and phiKZ share almost 100% identity over their entire sequence, with the exception of two insertions (a 1,095-bp segment in SD1-M and a 345-bp segment in phiKZ) that show no homology to any known bacterial or phage nucleotide sequences and do not encode any proteins of known function.
By providing primary sequence information from a large group of P. aeruginosa phages, this report not only provides a compendium of novel protein sequences, but also sets the stage for future studies aimed at better understanding virus/host relationships.
Nucleotide sequence accession numbers. The P. aeruginosa bacteriophage genomes have been deposited into the NCBI and assigned the following GenBank accession numbers: DQ163912 (F10), DQ163913 (PA73), DQ163914 (119X), DQ163915 (PA11), DQ163916 (M6), DQ163917 (F8), DQ163918 (PA7), DQ163919 (PA16), and DQ163920 (SD1-M).
FIG. 2.
Comparative nucleotide sequence analysis of P. aeruginosa bacteriophage genomes. Dot matrices comparing the relatedness of the nucleotide sequences of each phage genome were generated with the software program Dotter (10) using a sliding window of 25 bp. The numbers in roman type and bold type are derived from BLAST cutoff E values of 10 Ϫ4 and 10 Ϫ20 respectively. The phages are grouped according to in-house-sequenced double-stranded DNA phages and publicly available double-stranded DNA phages from GenBank.
b Although phiKZ has only 306 predicted genes, the numbers of shared genes between phiKZ and SD1-M at BLAST cutoff E values of 10 Ϫ4 and 10 Ϫ20 are 340 and 309, respectively, which is higher than the actual number of genes within phiKZ. This is due to the fact that a number of phiKZ genes have BLAST hits to multiple SD1-M genes and are therefore counted multiple times.
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